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The a.c. susceptibilities of Nb and Sn cylinders in the normal state at temperatures below T c have 
been measured. The results cannot be described by the formalism of the classical skin-effect. There- 
fore a formal description is given. 
In a previous communication [1] we reported 
susceptibi l i ty measurements  on a polycrystal l ine 
niobium cylinder. It was stated that for f ields 
H 0 > Hc3 the observed X' and X" values did not 
agree with those predicted by the well-known 
formula [2]: 
2JI(R~) 
X = X' + jx"  = - , RkJo(Rk)  1" (1) 
R is the radius of the cyl inder, k is related to the 
skin depth 8 by the relat ion: k = (1 +j)/5 with 
= (2/~zcoa) 1/2 . (2) 
Since we found that the agreement between re la -  
tion (1) and the exper imental  resul ts  is perfect  
e.g. for an impure copper cyl inder of the same 
dimensions with and without an external  static 
f ield H 0 the deviation cannot be the result  of a 
demagnetizat ion factor.  This agrees  with our ex- 
pectations ince the samples are much longer 
than the pick-up coil. 
In this letter  we present some new resul ts  of 
exper iments  on cyl indrical  samples:  niobium 
single crystal ,  polycrystal l ine tin and a tin single 
crysta l  (c-axis) paral le l  to the cyl inder axis). 
Table 1 
Properties of the specimen 
radius length o'4.2/ff300 a) purity b) 
(ram) (ram) 
Nb single crystal 1.89 20.0 85 6N 
Sn single crystal 2.90 20.1 2 × 104 6N 
Sn polycrystalline 2.50 20.0 7.5 x 103 5N 
a) o'is the specific conductivity determined from eq. (2); 
or4. 2 of Nb was measured at H 0 > 7.5 kOe. 
b) Oxygen content unknown but expected less than 
100 ppm. 
The measurements  were per formed by an in- 
duction method, using a Hartshorn bridge. The 
sample was placed in a magnetic f ield H = H 0 + 
h exp (jwt) paral le l  to the cyl inder axis. The 
equipment used in these exper iments i  the same 
as already descr ibed [1] with one slight modif i-  
cation in order  to keep the pr imary  current con- 
stant when the external  constant field is changed. 
Previously the magnitude of this current  was in- 
f luenced due to the magnetoresistance of the 
pr imary  coil. Hence the older measurements  
should be slightly corrected at high f ields but 
only at the lower frequencies.  
A formal  descr ipt ion of the results  of the 
measurements  can be obtained by putting Rk = 
r(Ho,v) exp{jc, b(H0,v)} where r and ~b are now 
functions of the field H 0 and the frequency related 
to the complex skin-depth. In this notation ~ = 
¼~ gives the ×' and X" values for the c lass ical  
skin effect, whereas ~b = }~ represents  the ano- 
malous l imit. So, for the Sn samples and H 0 = 0 
the value of @ is a measure of the anomalous 
behaviour. For H 0 = 0, the Nb sample is in the 
superconducting state whereas this is the case 
for the Sn specimen at T < 3.7 K. Temperature  
range for the measurements :  1.6-4.2 K; f re -  
quency range: 2-4200 Hz; amplitude a.c. f ield: 
1.86-18.6 Oe; the resul ts  are independent of 
temperature  and amplitude. 
From relat ion (1) it can be seen that any set 
{X',X"} values can uniquely represented by a set 
{r,~b} values. If in eq. (2) ~z and (~are real  quan- 
t i t ies the values of (~ and rZ/v  should be con- 
st ants with ~b = ¼n (classical  skin effect) and 
r2 /v  = 27rR 2 ~a. 
However, deviations t i l l  are observed which 
for high f ields cannot be ascr ibed to an anomalous 
character  of the skin effect. Evidently the mean 
321 
Volume 34A, number 6 PHYSICS  LETTERS 5 April 1971 
f ree path is much smal ler  than the skin depth. 
The measurements  of the niobium sample 
showed that ×' and ×" are independent of the field 
H 0 when superconductivity is completely de- 
stroyed (H 0 >H_,).  This indicates that at this 
temperature (TC--°4.2 K) the magnetoresistance is 
independent of the field and therefore is at a 
saturation value. The difference between 
C 
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Fig. 1. Frequency dependence ofr2/v and ~b. a) Nb, 
T= 4.2 K, H 0 > 7.5 kOe. b) Sn, polycrystalline, T= 
1.6 K, H '- 7.2 kOe; c) S~, polycrystalline, T = 1.6 K, 
H = 14.4 kOe. r /v in arbitrary units. 
o'(Ho>Hc3) and ,(H 0 : 0) obviously cannot be 
dete ~r Liffffd m" . 
In fig. 1 the observed values of r2/v and 
have been plotted against log v. For  the poly- 
crystal l ine tin sample the behaviour is more 
complicated. The ×' - ×" curves are presented 
in fig. 2. 
Here the ×' and ×" values both depend on f re -  
quency and field. The corresponding values of 
r2/v have been plotted in fig. 3 against 1/H O. 
The approximate l inear behaviour for low 1/H 0 
values indicates that the field dependence of cr 
crudely may be descr ibed by o~H0) = a(0)/(1 +aHo). 
In fig. 4 the @ values are given as a function 
of H 0. At low field values the excess of ~b is due 
to the anomalous kin effect, while at high f ields 
possibly a s imi lar  mechanism as in the niobium 
sample is responsible for the anomalous be- 
haviour. This can be seen by plotting, at con- 
stant field HO, r2/v and @ against log v. Some of 
these curves are inserted in fig. 1. 
For  the tin single crystal  the difference ¢ - 
¼~ is at least one order smal ler  than in the 
order  specimen at high fields. The behaviour is 
masked by the De Haas-Shubnikov osci l lat ions; 
the two lower frequencies of the osci l lat ions 
could be determined and are in agreement with 
values given by Stafleu and De Vroomen [3]. 
Since in the tin single crystal  at high f ields no 
deviations are observed (~ = ¼~), it is suggested 
that the orientation of the external field to the 
Fermi  surface (anisotropic both for Nb and Sn) 
plays a r01e. The exper iments will be continued 
with other single crystals  of Sn with different 
orientation of the c-ax is  and with Nb and Cu 
crystals.  The resu l ts  will be reported. 
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Fig. 2. The X' versus X ~ curves of polycrystalline Sn at different frequencies The parameter along each curve is 
the external field H 0 amounting to 20 kOe. Increasing field corresponds to lower I X' I values. 
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Fig. 3. r2/v values as a function of 1/H 0 for polycrys- 
talline Sn. 
The single crysta ls  were obtained from the 
"Hollandse Metal lurgische Industrie Bi l l i ton", 
Arnhem, The Netherlands and the polycrystal l ine 
mater ia l  from Johnson Matthey Chem. Ltd., 
England. 
We grateful ly acknowledge the technical 
ass istance of Mr. J. A. Ulfman, and are indebted 
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Fig. 4. ~b as a function of H 0 and frequency for poly- 
crystalline Sn. 
to Mr. J. A. de Jong for per forming some of the 
calculations. 
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A new inequality for C M has been obtained with the help of the inequality for the first and second 
correlation functions in the Ising model, f l  and f2" 
As has been shown in ref. [1] for f l  and f2 
the following strong inequality holds 
L + 2zlf2 >1 (2L + z I ) f l  + 2~2/[3, 
range of temperatures  fl and magnetic f ields H : 
0<f l<% 0< H< ~o. 
Dismissing the last te rm and rearranging the 
te rms remained we have 
1 fl = (kT) -1, L = gH + ~zI, F >i G, F = 2zIf2 , G = zI f l  - La.  (2) 
a = 1 - 2fl (1) 
where H is the magnetic field, I is the exchange 
interaction. Inequality (1) holds good in the whole 
Let us consider the der ivat ives F and G by fl at 
f ixed magnetization M of the system (M = ½/~ Na),  
that is at fixed fl(f l ,  H). In this case the magne- 
tic f ield H is a function of ~ and 
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